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Introduction
The accurate segregation of sister chromatids to daughter cells 
during mitosis is a complex and tightly regulated process medi-
ated by the molecular machinery of the mitotic spindle. A cen-
tral component in these processes is the kinetochores, which   
are large proteinaceous complexes that assemble on centro-
meric chromatin and make attachments to the mitotic spindle 
(Santaguida and Musacchio, 2009). As well as providing me-
chanical attachment, the kinetochores are the source of the spin-
dle assembly checkpoint, which prevents premature anaphase onset 
and serves to correct aberrant spindle attachments (Musacchio 
and Salmon, 2007). Such a complex cellular machine has many 
constituent parts, and an ever-increasing number of proteins 
have been implicated in kinetochore function. Relatively little is 
known about the three-dimensional structures of many of these, 
partly because many of the proteins form large, flexible, elon-
gated complexes, making analysis by techniques such as x-ray 
crystallography problematic. In addition, kinetochore proteins 
seem to evolve at an unusually high rate, with wide sequence 
divergence between orthologues. This, together with the fact 
that few kinetochore proteins possess obvious enzymatic activ-
ity means that sequence-based predictions of structure and 
function are of limited value. Despite the overall complexity of 
the kinetochore, it has become apparent that there is a relatively 
simple, well-defined set of core protein complexes that are 
entirely conserved throughout evolution and are necessary for 
formation of a functional kinetochore (Meraldi et al., 2006). 
Central to these is the so-called KMN network, which itself is 
comprised of three subcomplexes, Knl1–Blinkin–Spc105p, 
MIND–Mis12–Mtw1, and NDC80 (Cheeseman et al., 2006). 
For clarity, we shall refer to the complexes as Knl1, MIND, and 
NDC80 in this paper.
The MIND complex is essential for kinetochore assembly 
and correct mitotic progression. Originally identified in budding 
yeast (Euskirchen, 2002), the complex consists of four subunits: 
Mtw1p (Mis12 in fission yeast and humans), Dsn1p, Nsl1p, and 
Nnf1p. Deletions of the MIND proteins in budding yeast are 
inviable (Shan et al., 1997; Goshima et al., 1999; Euskirchen, 
2002), whereas temperature-sensitive mutants of both the bud-
ding and fission yeast proteins revealed a role in spindle assem-
bly, biorientation, and chromatid segregation (Goshima and 
Yanagida, 2000; Scharfenberger et al., 2003). RNAi depletion of 
any of the constituent proteins in human (Kline et al., 2006; 
McAinsh et al., 2006), worm (Cheeseman et al., 2004), or fly 
(Przewloka et al., 2007) results in similar defects, showing de-
layed mitotic onset, with characteristic defects in chromosome 
congression, biorientation, and spindle assembly. Correct re-
cruitment of the MIND complex is dependent on the presence of 
inner kinetochore proteins such as the centromeric nucleosome, 
T
he MIND multiprotein complex is a conserved, essen-
tial component of eukaryotic kinetochores and is   
a constituent of the tripartite KMN network that   
directly attaches the kinetochore to the mitotic spindle. The 
primary  microtubule-binding  complex  in  this  network, 
NDC80, has been extensively characterized, but very little 
is known about the structure or function of the MIND com-
plex. In this study, we present biochemical, hydrodynamic, 
electron microscopy, and small-angle x-ray scattering 
data that provide insight into the overall architecture and 
assembly of the MIND complex and the physical relation-
ship of the complex with other components of the KMN 
network. We propose a model for the overall structure of 
the complex and provide data on the interactions with 
NDC80, Spc105p, and thus the mitotic spindle.
Molecular architecture and assembly of the yeast 
kinetochore MIND complex
Daniel P. Maskell, Xiao-Wen Hu, and Martin R. Singleton
Macromolecular Structure and Function Laboratory, Cancer Research UK London Research Institute, London WC2A 3PX, England, UK
©  2010  Maskell  et  al.  This  article  is  distributed  under  the  terms  of  an  Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a 
Creative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, 
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
T
H
E
J
O
U
R
N
A
L
O
F
C
E
L
L
B
I
O
L
O
G
YJCB • VOLUME 190 • NUMBER 5 • 2010   824
Nsl1p (Euskirchen, 2002). During purification, we noticed par-
tial dissociation of the complex into Dsn1p–Nsl1p and Mtw1p–
Nnf1p heterodimers. We were able to separately express these 
heterodimers and reconstitute the intact complex from them, 
demonstrating that the tetrameric MIND complex is formed by 
association of tight Dsn1p–Nsl1p and Mtw1p–Nnf1p dimers 
(Fig. 2). These pairwise interactions are consistent with a previ-
ous yeast two-hybrid study with the human Mis12 complex   
(Kiyomitsu et al., 2007). Assuming one copy of each protein in 
the intact complex, MIND would have a calculated molecular 
mass of 147.9 kD. Previous experiments (De Wulf et al., 2003) 
have suggested that the complex may adopt differing composi-
tions in vivo, with Flag-tagged Mtw1p identified in species of 
215, 153, and 89 kD. We do not see any evidence for these 
complexes with our in vitro purifications, so it is possible that 
the 215-kD species represents the association of MIND with 
another unidentified protein. The recombinant complex pro-
duced by coexpression of all four subunits in bacteria appears as 
a single species on a gel filtration column. The gel filtration 
profile of the complex has an anomalously low elution volume, 
suggesting that the complex may contain multiple copies of the 
core tetramer or adopt a highly extended conformation. To test 
these possibilities, we performed analytical ultracentrifugation 
(AUC) experiments on the recombinant protein. Sedimentation 
velocity experiments were initially performed to determine the 
molecular  shape  and  sedimentation  coefficients  presented  in 
Table I. The data show that the complex is highly elongated, 
with a very high axial ratio and frictional coefficient and give a 
derived molecular mass of 149.7 kD. Sedimentation equilibrium 
CENP-A
Cse4, and the CBF3 complex in budding yeast (Goshima 
et al., 1999; Scharfenberger et al., 2003). Depletion of MIND 
components strongly inhibits recruitment of several outer kineto-
chore proteins, including Ndc80 and the DAM–DASH com-
plex (Scharfenberger et al., 2003; Kline et al., 2006), and may 
also affect the localization of some inner centromere proteins 
such as CENP-A, although there are conflicting data on this   
dependence. These mutational and in vivo analyses support a 
model in which the MIND complex is functionally downstream 
and physically poleward of the inner kinetochore proteins and is 
required for correct localization of the outer microtubule (MT)-
binding proteins, as well as some checkpoint components such 
as Bub1, BubR1, Mad1, and Mad2 (Kline et al., 2006; McAinsh 
et al., 2006). The mutational phenotypes may be explained by 
improper establishment of kinetochore–MT attachments, cou-
pled to perturbed activation of the spindle checkpoint.
This genetic model is supported by biochemical experi-
ments that have demonstrated that the KMN complex is the key 
MT-binding site within the kinetochore (Fig. 1 a). Structural 
(Wei et al., 2007; Ciferri et al., 2008) and biochemical (DeLuca 
et al., 2005; Cheeseman et al., 2006) data have shown that the 
NDC80 complex can directly bind to MTs via globular heads in 
the Ndc80p/Nuf2p proteins that comprise a calponin homology 
domain. It has further been shown that the affinity of MT bind-
ing is synergistically enhanced by the presence of the other 
components of the KMN complex. Of these, only Knl1–Blinkin 
appears to have an intrinsic MT-binding activity (Cheeseman   
et al., 2006) in the N terminus of the protein. The exact func-
tions of the MIND complex remain unclear. High-resolution 
light microscopy studies have delineated the relative positions 
of the main kinetochore complexes (Joglekar et al., 2006; Wan 
et al., 2009) and show that MIND occupies a position over-
lapping the inner end of NDC80 and extending toward the inner 
kinetochore proteins. One possibility is that MIND is a scaffold 
complex that links and orients the Knl1 and NDC80 complexes 
to allow them to contact the MT ends. Additionally, it seems 
probable that the MIND complex mediates the connection be-
tween the NDC80/Knl1 proteins and other, currently unidenti-
fied proteins in the inner kinetochore. In this sense, MIND is the 
bridge between the MT receptor complex and the inner kineto-
chore. The dependence on MIND of checkpoint protein recruit-
ment suggests that it may be involved in some aspect of mitotic 
checkpoint activation, but whether it is directly involved in sig-
nal generation, or indirectly, as part of the MT attachment ma-
chinery is unclear. In this study, we describe the low-resolution 
architecture of the budding yeast MIND complex and how the 
constituent proteins contribute to this architecture. We also de-
fine more precisely how the MIND complex attaches to the 
larger KMN network.
Results
Preparation and stoichiometry of the 
recombinant MIND complex
The MIND complex was prepared by coexpression in Esche-
richia  coli  of  the  four  previously  identified  Saccharomyces 
cerevisiae constituent proteins Dsn1p, Mtw1p, Nnf1p, and 
Figure 1.  Overview summary of the KMN network and MIND complex. 
(a) Schematic diagram of the KMN network and proposed MT-binding 
model. (b) Constituent proteins of the S. cerevisiae MIND complex and 
primary structure representations. The pink sections indicate high-scoring 
predicted coiled-coil heptad repeats, and the numbers indicate the posi-
tions of the domain boundaries.825 Architecture of the MIND complex • Maskell et al.
particularly in the head–tail angle and finer structure of the head 
domain. Given this variability and limited resolution of the data, 
it is difficult to ascribe the observed shape to specific orienta-
tions on the grids or multiple conformations of the particles. 
However, by selecting the most typical view, we were able to 
carry out two-dimensional single-particle averaging. Represen-
tative class averages are shown in Fig. 3 c. These highlight the 
overall arrangement of the molecule, in particular the hooklike 
shape of the globular head. Although the averaging probably ob-
scures subtle differences in the conformation of the tail, the aver-
aged images do emphasize the bulbous tip of the tail, suggesting 
that there is a small second globular domain present here. The 
thickness of the tail in the images suggests that it is unlikely   
to be a single coiled-coil pair as seen in the NDC80 complex 
(Ciferri et al., 2008), despite the fact that there are several pre-
dicted coiled-coil segments in the proteins. This is particularly ap-
parent by direct comparison of images of MIND and NDC80; the 
stalk section of NDC80 is barely visible (Fig. 4 e), whereas the tail 
of the MIND complex is quite apparent in every particle image.
Structural studies on the NDC80 complex have shown 
that the conserved coiled-coil domains form an extended struc-
ture of 55 nm (Ciferri et al., 2005; Wei et al., 2005). Sequence 
analysis of the NDC80 proteins together with EM images and 
limited proteolysis experiments allowed a model for the assem-
bly of the complex to be proposed (Wei et al., 2005), which has 
since been shown to be largely correct (Ciferri et al., 2008). It is 
harder to make a similar analysis of the MIND complex. The 
predicted coiled-coil sections in the constituents of the MIND 
complex are shorter than those seen in the NDC80 complex and 
rather less well conserved, both in length and relative position, 
and unlike NDC80 are not at the termini of the proteins. This 
makes it difficult to dissect out the relative contributions of the 
structural domains to the formation of the complex and the 
overall shape.
To define the location of the individual proteins in the   
intact complex, we prepared a series of constructs containing the 
43.4-kD maltose-binding protein (MBP) fused to the N and   
C termini of each of the constituent proteins. We then examined 
the fusion complexes by EM to locate extra density arising from 
the MBP fusions. Seven of the eight permutations of the com-
plex were successfully expressed (the C-terminally tagged 
Mtw1p complex was unstable), although yields were extremely 
low and purification difficult. Despite this, we were able to ob-
tain images of all four N-terminal fusions that consistently 
showed clear extra density (Fig. 3 d). In all cases, the additional 
density was observed in the head domain of the complex in 
experiments (unpublished data) provide a consistent molecular 
mass and show that there is no significant self-association of the 
complex. Therefore, we conclude that the MIND complex is a 
tetramer of Dsn1p, Mtw1p, Nsl1p, and Nnf1p in a 1:1:1:1 molar 
ratio. We have also analyzed the hydrodynamic parameters 
of the constituent Dsn1p–Nsl1p and Mtw1p–Nnf1p dimers. 
Velocity sedimentation experiments gave molecular masses 
for the dimers in good agreement with calculated values (Table I). 
Moreover, the derived shape parameters suggest that the Mtw1p–
Nnf1p dimer is the more elongated of the two species, whereas 
the Dsn1p–Nsl1p dimer is more compact.
EM analysis of MIND
Despite extensive efforts, we were unable to crystallize the intact 
MIND complex, which is unsurprising given the predicted elon-
gated structure. Instead, we analyzed the complex using EM.   
Although the MIND complex is rather small for single-particle 
EM study, we reasoned that the extended shape might make it 
suitable for useful analysis.
Recombinant protein complexes were purified to homoge-
neity and analyzed using negative-stain EM. The complex is   
21 ± 2 nm in length and has a pronounced comma shape with a 
globular head 8-nm diameter and a tail of 13 ± 3 nm with a 
slightly globular tip (Fig. 3 a). We also examined the particles by 
low-angle rotary shadowing with platinum (Fig. 3 b), which 
showed a similar morphology to the negative-stain images, with 
a prominent bilobal head domain and short tail, and similar over-
all dimensions to the negative-stain images. The particles are   
homogenous at the level of overall organization; however, 
there does seem to be considerable conformational variability, 
Figure 2.  SDS gel showing coexpression of the recombinant MIND sub-
units after purification and separate expression of the two constituent   
dimers. The first lane shows intact complex from coexpression, the second 
lane shows the Dsn1p–Nsl1p dimer, the third lane shows the Mtw1p–Nnf1p 
dimer, the fourth lane shows complex reconstituted from dimers, and the 
fifth lane shows molecular mass (MM) markers (in kilodaltons). Note that 
there is some contamination of the Dsn1p–Nsl1p dimer by Hsp70 (indi-
cated by the red arrowhead).
Table I.  Hydrodynamic parameters for intact MIND complex and 
constituent dimers as determined by AUC
Sample S20,w Mass f/f0 Stokes radius
S kD nm
MIND 3.2 149.7 3.13 11.2
Dsn1/Nsl1 3.7 82.5 1.78 5.1
Mtw1/Nnf1 2.3 58.9 2.33 5.7
S20,w is the sedimentation coefficient normalized to water at 20°C. f/f0 is the 
frictional ratio.JCB • VOLUME 190 • NUMBER 5 • 2010   826
Figure 3.  Overall structure of the MIND complex as determined by EM and SAXS. (a) EM field of negatively stained MIND complex, with individual par-
ticles shown in the adjacent panel. (b) MIND particles visualized by low-angle rotary shadowing with platinum. (c) Two-dimensional class averages of the 
MIND particles (n = 251). (d) EM images of N- and C-terminal MBP-MIND fusion constructs. Additional density arising from the MBP protein is indicated 
with pink arrowheads. (e) SAXS scattering curve (red dots) of the MIND complex, with calculated model scattering curve (blue line). lexp, experimental 
scattering intensity; lcalc, calculated scattering intensity. (f) SAXS bead model reconstruction of the MIND complex. The structure shown represents results 
from a typical simulation. The various structural features referred to throughout the text are indicated on the model. (g) Averaged, filtered SAXS envelope 
derived from 30 separate ab initio reconstructions.827 Architecture of the MIND complex • Maskell et al.
microscopy data (Wan et al., 2009) indicate it to be the protein 
most distal to Dsn1p in vivo. Therefore, we suggest that Nnf1p 
forms an extended structure with the N terminus in the head and 
C terminus in the tail of the complex. The Nsl1p C-MBP fusions 
formed stable complexes, but we could see no consistent, un-
ambiguous images that would allow us to locate the additional 
MBP density. Nsl1p is small and not predicted to form an ex-
tended structure. As the N terminus of the protein is clearly lo-
cated in the head domain, we propose that the majority of the 
protein is mainly located in the head and head–tail junction re-
gion. The Dsn1p C-terminal fusions were harder to interpret, 
with some images showing extra density at the tail spike, al-
though there was considerable variation in the particles and 
high background. As Dsn1p is the largest protein in the com-
plex, with predicted coiled-coil character in the C terminus, we 
varying orientations, and in no case was any extra density seen 
in the tail domain. Equivalent experiments with N-terminal GST 
fusions show GST-induced dimerization via the head domain 
(Fig. S1 a). This strongly suggests that all four proteins in the 
complex partially contribute to forming the head structure. The 
C-terminal fusions were more heterogeneous, probably caused 
by the formation of complexes containing truncated fusions. The 
most straightforward images to interpret were those of the Nnf1p 
C-MBP fusion. This shows a characteristic dumbbell shape, with 
additional density clearly located at the end of the tail spike. The 
AUC data show that the Mtw1p–Nnf1p dimer is the most elon-
gated constituent of the complex, which would be consistent 
with Nnf1p comprising a substantial proportion of the elongated 
tail structure. We also note that Nnf1p is predicted to be almost 
entirely coiled-coil in character and that super-resolution light 
Figure 4.  SDS gels showing associations between MIND and NDC80. (a) His-tagged NDC80 was bound to resin beads, and any excess complex was 
washed off. Recombinant MIND protein was then added, and the beads were again washed. The intact cocomplex was then eluted from the beads.   
(b and c) The same experiment was performed using Spc24p–Spc25p alone (b) and the globular domains (Spc24p
154–213–Spc25p
133–221) alone (c). (d) ITC 
raw data and derived binding curve for the interaction between MIND and NDC80. The red line is a normalized baseline for the experiment. (e) Single-
particle EM images of the NDC80 and MIND proteins and the putative MIND–NDC80 complex. NDC80 is labeled with a gold particle at the N terminus 
of the Ndc80p protein. Schematic pictures are shown in the boxes below the micrographs, with NDC80 in black, MIND in gray, and the label indicated 
by a red star.JCB • VOLUME 190 • NUMBER 5 • 2010   828
could directly visualize the binary complex. To differentiate the 
ends of the NDC80 complex, we labeled the MT-binding tip by 
attaching a gold bead to the N terminus of the Ndc80p protein 
(Fig. 4 e). We saw several NDC80 images that showed the MIND 
complex bound at the Spc24p–Spc25p end. The measured 
lengths of NDC80 and MIND in these images were consistent 
with those of the individual complexes. Interestingly, the com-
plexes were not colinear; MIND always appeared angled with 
respect to the long axis of NDC80, although this may not be 
the geometry in the intact kinetochore. It appears that the inter-
action  is  between  the  head  of  the  MIND  complex  and  the 
Spc24p–Spc25p globular domains of NDC80. This would place 
the presumed Nnf1p tail furthest away from NDC80, as previ-
ously suggested (Joglekar et al., 2009; Wan et al., 2009), and 
suggests that this domain attaches MIND to the inner kineto-
chore proteins.
Interactions with Spc105p
The third member of the KMN network, Knl1, is a large protein 
that appears to bind MTs and directly recruits Bub1/BubR1   
to the kinetochore via interactions involving tetratricopeptide 
repeats (Cheeseman et al., 2006; Kiyomitsu et al., 2007). The 
budding yeast orthologue of Knl1, Spc105p, is a 917-residue 
protein, which, although sharing similar overall structural organi-
zation to Knl1, is poorly conserved at a sequence level. Despite 
extensive efforts, we were unable to purify either full-length 
recombinant Spc105 or various truncated constructs. Therefore, 
we analyzed the interaction between MIND and Spc105 using a 
peptide array screen. A membrane was spotted with 21-residue 
peptides covering the entire Spc105 sequence with a 2-residue 
start increment per spot. The array was probed with full-length 
recombinant MIND, and bound complex was detected using   
antibodies against tagged Dsn1. After controlling for background, 
we identified two main sites of interaction, both in the C termi-
nus of Spc105 (Fig. 5 a). This is consistent with a previous study 
on the human proteins, which also demonstrate an interaction be-
tween the Mis12 complex and the C terminus of Knl1 (Kiyomitsu 
et al., 2007). The peptides identified both constitute relatively 
well-conserved hydrophobic motifs (Fig. 5 b), although there   
is no clear consensus binding sequence. To validate the inter-
actions, we analyzed the binding to full-length MIND by ITC. 
Peptide 1 (residues 800–829) bound to the MIND complex in a 
1:1 ratio with comparable affinity with NDC80 (Fig. 5 c). Un-
fortunately, we were unable to purify sufficient quantities of 
peptide 2, (probably because of the hydrophobic character of 
the sequence) to obtain a clear binding isotherm. The existence 
of multiple large binding sites on the Spc105 C terminus sug-
gests that the interactions with MIND are fairly extensive and 
probably involve multiple members of the complex.
Phosphorylation of the MIND complex  
by Ipl1p
It has previously been reported that a large number of inner   
kinetochore proteins, including Dsn1p are directly phosphory-
lated by the budding yeast Aurora B kinase Ipl1p (Cheeseman 
et al., 2002; Westermann et al., 2003). We tested this with our 
recombinant proteins in vitro using Ipl1p and noticed a small 
tentatively suggest that the protein also extends the full length 
of the complex, with the N terminus in the head and C terminus 
forming part of the tail structure, as seen with Nnf1p.
Small-angle x-ray scattering (SAXS)
To validate our EM images and gain additional insights into the 
structure of the complex, we performed SAXS experiments on 
the intact complex and used ab initio modeling to generate a low-
resolution structure of the complex. The distance distribution 
function derived from the experimental data was consistent with 
an elongated particle with a substantial fraction of the total parti-
cle mass at each end (Fig. S1 b). A model was generated using 
dummy atom–type Monte Carlo simulations that fitted the experi-
mental data well (Fig. 3 e). A typical structure is shown in Fig. 3 f 
and shows the overall morphology of the particle to be similar to 
the EM images. The reconstruction was 23 nm long and 8 nm 
across the widest part of the head domain. We performed a large 
number of independent reconstructions against the data to assess 
model quality and observed some variation in the models gener-
ated (Fig. S1 c). This may arise from multiple conformations of 
the particle or simply reflect indeterminacy in the reconstruction 
procedure. However, an averaged, filtered model built from 30 
separate reconstructions recapitulated the main features of the in-
dividual reconstructions (Fig. 3 g), giving us confidence in the 
model. The tail section of the molecule appears to be somewhat 
thicker than suggested by the EM images but shows the same 
bulbous tip. There was also a nodule on the tail section about 
halfway along the length of the complex in most of the recon-
structions, indicating that a large folded domain of one of the 
head proteins resides here. Interestingly, the head of the molecule 
contains a large central cavity, appearing either as a hole or more 
frequently as a large channel, giving the head a hook shape in 
projection, as also seen in the EM class averages.
Formation of the KMN network and 
structure of the MIND–NDC80 dimer
An extensive study on the Caenorhabditis elegans KMN com-
plex provided insights into the roles of the individual subcom-
plexes  and  showed  how  they  might  be  combined  to  form  a 
dynamic MT-binding interface (Cheeseman et al., 2006). We de-
cided to see whether this network was conserved in S. cerevisiae 
and examined the MIND–NDC80 interaction in more detail, 
both biochemically and by direct visualization with EM. We first 
analyzed binding between the intact, full-length complexes and 
the constituent subcomplexes by pull-down assays. First, we 
demonstrated that the intact full-length complexes could bind 
and form a stable species containing all eight proteins (Fig. 4 a). 
We then showed that the Spc24p–Spc25p dimer alone is neces-
sary and sufficient for the interaction (Fig. 4 b) and that the inter-
action is mediated through the globular C-terminal domains of 
the  proteins  (Spc24p  residues  136–213  and  Spc25p  residues 
116–221; Fig. 4 c). We obtained more quantitative data on the 
MIND–NDC80 interaction using isothermal titration calorime-
try (ITC). The data are shown in Fig. 4 d and allow us to derive 
a Kd of 71 nM for the interaction between the full-length MIND 
and NDC80 complexes with 1:1 stoichiometry. We examined the 
full-length MIND–NDC80 interaction by EM to see whether we 829 Architecture of the MIND complex • Maskell et al.
phosphorylation of several targets in the human and nematode 
KMN network, including Dsn1. One of the residues identified 
as an Aurora B target, Ser109 in human and chicken Dsn1, lies 
within the same weakly conserved motif as the yeast Ser250, 
suggesting some similarity in the mechanisms of phosphoregu-
lation between species.
Comparison with the human  
Mis12 complex
Kinetochore proteins are typically highly divergent at a se-
quence level, but they are likely to be conserved at the level of 
three-dimensional structure, and recent crystal structures of   
the Ndc80 complex from yeast (Wei et al., 2007) and humans   
(Ciferri et al., 2008) support this hypothesis. Comparison of the 
S. cerevisiae MIND and Homo sapiens Mis12 proteins shows a 
low level of overall sequence identity, at 16%, 23%, 15%, and 
14% for Dsn1p, Mtw1p, Nsl1p, and Nnf1p, respectively. How-
ever, careful analysis of the sequences and predicted secondary 
structure motifs led us to suggest that the overall structures are 
but consistent shift in the migration of the Dsn1p band on an 
SDS-PAGE  gel. This  shift  could  be  obtained  using  purified 
Ipl1p alone; however, the rate and extent of the phosphorylation 
was greater when using Ipl1p bound to the activating IN-box 
peptide (Adams et al., 2001). By analyzing the proteins on a 
PhosTag (Kinoshita et al., 2004) acrylamide gel, the shift of the 
Dsn1p band was more pronounced (Fig. 6 a). The location of 
the modification was determined by mass spectrometry (Fig. S1 d). 
Consistent with a previous study (Westermann et al., 2003), we 
found that the Dsn1p protein was phosphorylated on Ser250 in 
an Ipl1p-dependent manner. No other phosphorylation sites in 
either Dsn1p or any of the other constituents of the MIND com-
plex were found. We tested whether the phosphorylation of 
Dsn1 affected assembly of either the MIND complex or the 
interaction with other members of the MKN network. The phos-
phorylated complex showed normal stoichiometry (not depicted) 
and bound both NDC80 and the Spc105 C terminus with ap-
proximately wild-type affinity (Fig. 6 b). Interestingly, a recent 
study (Welburn et al., 2010) has shown the Aurora B–mediated 
Figure 5.  Characterization of interactions between MIND and Spc105p C terminus. (a) Peptide array assay for interactions between full-length MIND and 
Spc105p. The two runs of peptides that exhibit strong interactions are highlighted in blue and pink. (b) Sequence alignment of the C terminus of eight fungal 
orthologues of Spc105. The sequences corresponding to the peptides that bind MIND are indicated below the alignment in the same color scheme. The 
colors in the sequences represent different classes of amino acid (turquoise, hydrophobic; purple, acidic; salmon, basic; orange, glycine; yellow, proline; 
and green, uncharged polar). (c) ITC raw data and binding isotherm for the interaction between MIND and Spc105
800–829 (peptide 1). The red line is a 
normalized baseline for the experiment.JCB • VOLUME 190 • NUMBER 5 • 2010   830
Figure 6.  Phosphorylation of MIND and relationship to the vertebrate Mis12 complex. (a) Phosphorylation of the MIND complex by the yeast 
Aurora B homologue, Ipl1, with and without the activating IN-box peptide. (b) ITC raw data and binding isotherms for Ser250 phosphorylated 
MIND and full-length NDC80 or Spc105
800–829. The red lines are normalized baselines for the experiment. (c) Comparison of the predicted structural 
features of five MIND orthologues. The bar length is proportional to the size of the protein. The purple boxes represent predicted coiled-coil seg-
ments (assessed using the COILS algorithm; Lupas et al., 1991), with the shading representing the confidence score. The positions of the proteolytic 
cleavage in the recombinant S. cerevisiae proteins are indicated with red arrowheads. (d) Limited proteolysis of the MIND complex using trypsin with 
the stable truncated products labeled. Molecular mass (MM) is indicated in kilodaltons. (e) Sequence alignment of five Mis12/Mtw1 orthologues.   
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(Cheeseman et al., 2006). We have not been able to definitively 
identify which sections of MIND bind to NDC80 and Spc105p. 
An accompanying paper (Petrovic et al., 2010) shows that the 
interaction between the human Mis12 complex and Knl1 is   
mediated by the C terminus of Nsl1, which is only conserved in 
vertebrates. Given the considerable variation between Knl1 and 
Spc105p, it seems reasonable to assume that the mode of bind-
ing might be quite different in yeast. This is supported by se-
quence analysis and results presented in this study, which show 
a far more hydrophobic interaction between MIND and the 
Spc105p C terminus compared with the predominantly ionic   
interaction seen with the human proteins.
The results of our phosphorylation experiments show that 
although Dsn1p is readily phosphorylated by Ipl1p at a single 
site, this modification does not significantly affect either the 
assembly of the MIND complex or the interactions between 
MIND, NDC80, and Spc105p. Phosphomimetic, or phosphory-
lation-incompetent mutations of Dsn1p Ser250 do not appear to 
have any affect on yeast viability (Westermann et al., 2003), and 
recent work on the Mis12 complex in higher eukaryotes demon-
strates that Aurora B activity does not directly affect the assem-
bly or recruitment of the KMN network (Welburn et al., 2010). 
However, this phosphorylation occurs in a tension-dependent 
manner, and differential phosphorylation of the target proteins 
does affect overall MT attachment. This has been proposed to 
allow fine-tuning of the kinetochore–MT interface, and it will 
be interesting to see whether such a mechanism is conserved 
throughout evolution.
The hydrodynamic data and heterogeneity seen in the EM 
images indicate that the MIND complex is flexible and has con-
siderable structural plasticity. This is similar to the situation seen 
in NDC80, in which a hinge region in the coiled-coil domain al-
lows the complex to assume differing conformations of currently 
unknown significance (Wang et al., 2008). Super-resolution light 
microscopy of the yeast (Joglekar et al., 2009) and human (Wan 
et al., 2009) kinetochores has shown that the MIND–Mis12 
complex may adopt different states during the metaphase to ana-
phase transition or upon taxol addition. The yeast Nsl1p was re-
ported to move inwards (toward chromatin) during late anaphase, 
suggesting that the complex might adopt stretched or closed con-
formations depending on intrakinetochore tension. Similarly, the 
human Mis12 complex shows large rearrangements upon taxol 
addition and loss of kinetochore tension with a substantial move-
ment of the human Dsn1 protein. It is difficult to precisely corre-
late these movements with the predicted intracomplex protein 
locations described in this work, but the relative static positions 
of the constituent proteins derived from light microscopy are en-
tirely consistent with the structural data presented here (Fig. 6 f), 
allowing for uncertainty in the location of the immunofluores-
cence epitopes. The width of the head (8 nm), as calculated from 
both EM and SAXS data, and the open, hook shape it adopts 
strongly suggest that multiple proteins or protein domains form 
likely to be similar, as would be expected given their functional 
conservation. The budding yeast Dsn1p (65.7 kD) and Mtw1p 
(33.2 kD) proteins are considerably larger than their human or-
thologues (40 kD and 24.1 kD, respectively; Fig. 6 c). The dif-
ference in size appears to be caused by a series of insertions   
in Dsn1p and an extended C terminus of Mtw1p relative to the 
human proteins. Notably, the diverged extended regions in the 
yeast proteins are predicted to be unstructured and would not 
substantially alter the overall shape of the proteins. Limited pro-
teolysis of the intact MIND complex shows protease-accessible 
sites at the boundaries of these extended sections (Fig. 6 d). The 
truncated complex, comprising residues 103–412 of Dsn1p and 
1–220 of Mtw1p, still forms a stable tetramer. The protease- 
resistant domain of Mtw1p is 25.2 kD in size, which is compara-
ble with human Mis12. Sequence alignments of Mtw1p (Fig. 6 e) 
show that the yeast protein contains a nonconserved C-terminal 
extension relative to the human proteins, which is removed by 
protease, leaving a structurally conserved core. The truncated 
Dsn1p lacks a nonconserved N-terminal extension but also a 
conserved segment in the C terminus, which our EM experi-
ments indicate lies in the tail domain. As this complex is still 
stable, the protease-resistant core (predicted to lie in the head) 
must contain all the interfaces required for tetramer formation, 
and so is presumably the main site of oligomerization. Based on 
our localization experiments of the yeast proteins, we would 
expect the human complex to have a similar overall shape, but 
perhaps with less pronounced head and tail domains. Recent 
EM experiments (see Petrovic et al. in this issue) suggest that 
this is indeed the case.
Discussion
This work describes the first structural characterization of an 
essential component of the kinetochore MT attachment site. 
Biochemical analyses show that MIND and NDC80 bind in a 1:1 
ratio and that each complex is a single tetramer. In vivo estimates 
of kinetochore protein composition by quantitative fluorescence 
microscopy suggest that there are six to seven MIND com-
plexes and eight NDC80 complexes per metaphase kinetochore   
(Joglekar et al., 2006). Given the relatively tight binding and 
stoichiometry of the MIND–NDC80 interaction, we suggest that 
all NDC80s are bound to MIND in the intact kinetochore. In 
higher eukaryotes, it is possible that NDC80 might be retained at 
the kinetochore independently of Mis12 by the CENP-H protein 
(Okada et al., 2006; Cheeseman et al., 2008), but the equivalent 
interaction with the yeast CENP-H orthologue, Mcm16p, has 
not been shown, and it seems unlikely that this is the dominant 
mode of NDC80 attachment. Although we have been unable to 
reconstitute the entire KMN network because of difficulties ex-
pressing  full-length  Spc105p–Knl1,  our  peptide  assays  show 
that this protein also directly binds the complex in stoichiometric 
amounts as has been proposed for the C. elegans KMN network. 
classes of amino acid (turquoise, hydrophobic; purple, acidic; salmon, basic; orange, glycine; yellow, proline; and green, uncharged polar).   
(f) Model of the MIND complex showing predicted locations of the proteins based on the data presented in this work (left) and in vivo locations of the 
human Mis12 proteins derived from light microscopy (right).
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were made by cloning the respective genes into pET22a and pET28a vec-
tors and coexpressing the two proteins. The dimers were purified in the same 
manner as the full-length complex. GST and MBP N-terminal fusions were 
purified as described for the MIND complex, making use of a hexahistidine 
tag on the N-terminal end of the fusion protein. C-terminal fusion constructs 
were grown up as per the untagged complex, with the addition of 0.2% 
(vol/vol) glucose in the medium. Constructs were initially purified by Ni   
affinity and ion-exchange chromatography as described for the MIND com-
plex, followed by binding to amylose affinity resin (New England Biolabs, 
Inc.), and eluted with 10 mM maltose in the standard buffer. The protein-
containing fractions were pooled and concentrated and run on a Superdex 
200 10/300 GL size-exclusion column. This procedure resulted in essen-
tially pure full-length fusion protein. The NDC80 complex was purified in a 
similar manner to MIND, with the omission of the MonoQ ion-exchange 
step. The Spc24p–Spc25p dimers and globular domains were purified in 
the same manner as the full-length NDC80 complex, with the substitution of 
the S200 gel filtration column by an S75 column.
Negative staining
6 µl of 0.05 mg/ml recombinant MIND complex was deposited onto a 
freshly glow-discharged, carbon-coated copper grid, blotted after 1 min, 
and stained with 2% uranyl acetate for 1 min. Specimens were examined 
in an electron microscope (model 1010; JEOL) operated at 80 kV using a 
charge-coupled device (Bioscan; Gatan). Images were acquired using Digital-
Micrograph (Gatan). Particle picking, classification, and two-dimensional 
averaging were performed using the EMAN suite of programs (Ludtke 
et al., 1999). Other measurements were performed using ImageJ (National 
Institutes of Health). Gold labeling was performed using Ni-NTA-Nanogold 
(Nanoprobes). NDC80 complex was buffer exchanged into a minimal 
buffer (30 mM Tris, pH 7.5, and 150 mM NaCl), and then 0.5 nmol of the 
complex was incubated with 5 nmol of Ni-NTA-Nanogold solution for 
30 min at 4°C, followed by gel filtration to eliminate the unbound gold. 
The 1.8-nm nanogold particle cannot be observed directly under negative-
stain conditions. Therefore, we enhanced the particle by placing serial 
dilutions of nanogold-labeled complex onto carbon-coated grids, blotted 
residual fluid after 1 min, and then floated the grid on 10 µl of Goldenhance 
(Nanoprobes) for 30 s. Grids were rinsed in distilled water, stained with 
2% uranyl acetate for 1 min, and visualized as described for the unlabeled 
MIND complex.
Low-angle rotary shadowing
Purified MIND complex at 0.2 mg/ml was mixed with 155 mM ammonium 
acetate, pH 7.0, and glycerol in a 1:1:3 ratio. 20 µl of the mixture was 
sprayed onto a freshly cleaved mica surface and dried under vacuum for 
1 h at room temperature. Specimens were rotary shadowed with a layer of 
2-nm platinum/carbon at an angle of 7.5°, followed by a layer of 10-nm 
carbon at an angle of 90°. The replicas were floated off onto distilled   
water and picked up with 400-mesh copper grids. The specimens were   
examined in a JEOL 1010 electron microscope operated at 80 kV.
AUC
Protein was concentrated to between 0.1 and 0.5 mg/ml in a buffer con-
taining 50 mM Tris, pH 7.5, and 100 mM NaCl. Samples were spun at 
40,000 rpm for 24 h at 16°C in an An-50 Ti rotor (Beckman Coulter). Data 
were analyzed using the program SEDFIT (Schuck, 2000) assuming a con-
tinuous c(s) distribution with no prior knowledge. The buffer density was 
calculated as 1.0089 g/cm
3, and the partial specific volume of the protein 
was calculated as 0.733 cm
3/g.
SAXS
Proteins were analyzed at concentrations between 0.1 and 1.0 mg/ml 
in a buffer containing 50 mM Tris, pH 7.5, 100 mM NaCl, and 2 mM 
dithiothreitol. Data were collected on beamline X33 at the European 
Molecular Biology Laboratory Hamburg DESY (Deutsches Elektronen-
Synchrotron) synchrotron.
All data manipulations were performed using the ATSAS 2.1 suite of 
programs (European Molecular Biology Laboratory Hamburg). Scattering 
curves were background-subtracted and analyzed using the program 
PRIMUS. Individual curves were checked for the presence of aggregation 
and fitted using the Guinier approximation for the appropriate range, giving 
a radius of gyration (RG) of 7.17 ± 0.43 nm. The best curves were scaled 
and merged, and the final composite curve was transformed into a real-
space distance distribution using the program GNOM. Estimates for the 
value of Rmax were obtained by measurements on EM images. The real 
space radius of gyration RG was calculated as 7.1 nm, which is consistent 
with the reciprocal space value. Bead-type models of the protein were built 
a U shape around a central channel. It is tempting to suggest that 
this may undergo substantial rearrangements or unfolding when 
under tension, which results in the movements observed by mi-
croscopy. This could modulate access of other proteins, for ex-
ample in the spindle checkpoint, to the appropriate binding sites 
in MIND.
It is clear from both biochemical experiments and EM   
images that the interaction between MIND and NDC80 occurs 
through the Spc24p–Spc25p globular domains and the globular 
head of MIND. Although we cannot pinpoint the NDC80-binding 
site on MIND, our EM experiments suggest that it lies in the head 
region, involving the Dsn1 N terminus, Mtw1, and Nsl1. This 
then suggests that the tail domain makes contacts with the inner 
kinetochore proteins, specifically through the Dsn1p and Nnf1p 
C termini. Although interactions between MIND and inner   
kinetochore proteins have been reported (De Wulf et al., 2003; 
Westermann et al., 2003), it is not clear which protein within the 
complex is involved in mediating the binding. Further biochemi-
cal and structural work will undoubtedly address these issues and 
provide further insight into the formation and regulation of the 
kinetochore–MT interface.
Materials and methods
Cloning and expression
The recombinant S. cerevisiae MIND complex was expressed in E. coli. The 
DSN1 gene was cloned into pET28a vector (EMD) using the forward and 
reverse restriction sites NdeI and XhoI, which code an in-frame N-terminal 
His tag. MTW1 was cloned into pET22a also using the NdeI and XhoI sites. 
NNF1 and NSL1 were cloned into the pCDFDuet-1 using sites NcoI–NotI 
for NNF1 and NdeI–XhoI for NSL1. All three plasmids were transformed 
into BL21(DE3) RIL cells. Cells were grown at 37°C in Luria broth medium 
containing 25 mg/liter kanamycin, 50 mg/liter ampicillin, and 100 mg/liter 
spectinomycin. At an optical density of A600 = 0.6, the temperature was re-
duced to 18°C, and cells were induced using 0.5 mM IPTG and grown for 
a further 16 h. Cells were harvested by centrifugation at 4,000 g, and   
the pellet was resuspended in 50 mM Tris, pH 7.5, 500 mM NaCl, 9% 
(vol/vol) glycerol, and 0.5% Tween 20, with 1 protease inhibitor cocktail 
tablet (Roche) for every 40 ml of suspension. The recombinant S. cerevisiae 
NDC80 complex was also expressed in E. coli. NUF2 and SPC25 were 
cloned into pRSFduet vector (EMD) using sites NcoI–EcoRI for NUF2 and 
NdeI–XhoI for SPC25. NDC80 and SPC24 were cloned into pETduet (EMD) 
using sites BamHI–NotI for NDC80 coding for an in-frame N-terminal His 
tag and NdeI–XhoI sites for SPC24. Both plasmids were transformed into 
BL21(DE3) RIL cells. Cells were grown, and protein was expressed in the 
same manner as the MIND complex. For production of the Spc24p–Spc25p 
dimer, SPC24 was cloned into pET22 vector using sites NdeI–EcoRI, and 
SPC25 was cloned into pET28 vector using sites NdeI–XhoI coding for an 
in-frame  N-terminal  His  tag.  The  globular  domains  of  Spc24p–Spc25p 
were made by cloning SPC24 residues 154–213 and SPC25 residues 
133–221 into pRSFduet vector using sites BamHI–NotI for SPC24 154–213 
and NdeI–XhoI for SPC25 133–221. Cell growth and expression were per-
formed as described for the MIND complex.
Purification
Cells were lysed by sonication on ice using seven 30-s pulses, and cell de-
bris was pelleted by centrifugation at 18,500 g for 1 h at 4°C. The super-
natant was passed through a 0.22-µm filter and loaded onto a 5-ml HisTrap 
FF column (GE Healthcare) preequilibrated in Ni-loading buffer (50 mM 
Tris, pH 7.5, 500 mM NaCl, 5 mM -mercaptoethanol, and 2 mM imidaz-
ole), followed by elution with a 2–500-mM imidazole gradient over 10 
column volumes (c.v.). The fractions containing the MIND complex were 
further purified by size-exclusion chromatography using a Superdex 200 
16/60 (GE Healthcare) equilibrated in gel filtration buffer (50 mM Tris,   
pH 8.5, 100 mM NaCl, and 5 mM -mercaptoethanol), followed by ion-
exchange chromatography using a Mono Q 5/50 GL column (GE Health-
care) in 50 mM Tris buffer, pH 8.5, and eluted using a 0.1–1-M NaCl 
gradient over 50 c.v. The Dsn1p–Nsl1p and Mtw1p–Nnf1p heterodimers 833 Architecture of the MIND complex • Maskell et al.
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using the program DAMMIN. Typically, 30 separate runs were performed 
on the same initial data, and models were filtered and averaged using 
DAMAVER. Models were displayed using the program PyMOL (http://
www.pymol.org).
Interaction experiments
Purified NDC80 complex was bound to Ni Sepharose 6 Fast Flow resin   
(GE Healthcare). 50 c.v. of wash buffer (50 mM Tris-HCl, pH 7.5, 100 mM 
NaCl, and 20 mM imidazole) was passed over the resin, and binding was 
confirmed by analysis of the resin using SDS-PAGE. The His tag on the DSN1 
subunit of the MIND complex was removed by the addition of tobacco 
etch virus (TEV) protease (at a ratio of 1:50 TEV to MIND) at 4°C overnight. 
Undigested MIND complex still containing the His tag and TEV (including a 
noncleavable His tag) was removed by passing through Ni Sepharose 6 Fast 
Flow resin. The MIND complex was then added to the resin-bound NDC80 
at a molar ratio of 1:1 at 4°C overnight. 50 c.v. of wash buffer was flowed 
through the column, and then the interacting complex was eluted using wash 
buffer containing 250 mM imidazole and analyzed using SDS-PAGE. A simi-
lar procedure was also performed for the His-tagged SPC24–SPC25 dimers 
and His-tagged SPC24–SPC25 globular domains.
ITC
ITC  experiments  were  performed  at  30°C  using  an  iTC200  (MicroCal). 
Samples were concentrated in a 50 mM Tris, pH 7.5, 100 mM NaCl, 4% 
glycerol, and 0.5 mM tris(2-carboxyethyl)phosphine buffer. Protein concen-
trations were determined using a spectrophotometer (NanoDrop ND-1000; 
Thermo Fisher Scientific). The concentration of NDC80 in the ITC cell 
was 4 µM; the concentration of MIND in the injection syringe was 62 µM. 
3-µl injections were performed at 1,000 rpm stirring speed with an injection 
spacing of 3 min. The lyophilized peptides of Spc105p were dissolved in 
the ITC buffer to a concentration of 100 µM. MIND was concentrated to   
7 µM. Experiments were performed at 16°C as described for the MIND–
NDC80 interactions. The thermodynamic data were processed with the 
ORIGIN program (MicroCal).
Peptide array assay
Peptides were synthesized and spotted onto a cellulose membrane. The 
membrane was activated by washing in 50% ethanol + 10% glacial acetic 
acid for 1 h and then washed in 20 mM Tris, pH 7.5, 100 mM NaCl, and 
250  µM  tris(2-carboxyethyl)phosphine.  0.6  µg/ml  of  His-tagged  MIND 
complex was added to the solution along with 0.1% Tween 20 and 0.5% 
milk and left to incubate at 4°C overnight. The membrane was then incu-
bated with anti-His mouse monoclonal IgG1 antibody for 4 h at room tem-
perature.  After  further  washes,  spots  with  bound  MIND  complex  were 
detected using rabbit anti–mouse IgG-HRP–conjugated secondary antibody 
and visualized by chemiluminescence.
Phosphorylation assay
The MIND complex was incubated in a phosphorylation buffer consisting of 
50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM MgCl2, and 5 mM ATP. Recom-
binant S. cerevisiae Ipl1 (Aurora B) kinase was added at a molar ratio of 
1:100 (Ipl1/MIND complex). The reaction was incubated for 3 h at room tem-
perature. The phosphorylation was analyzed by SDS-PAGE. A 10% separat-
ing gel was used containing 50 µM PhosTag ligand and 50 µM MnCl2. The 
gel was run at 170 V for 1 h and stained using Coomassie brilliant blue. All 
bands were excised, and phosphorylation sites were mapped by MALDI-TOF 
(matrix-assisted laser desorption/ionization–time of flight) mass spectrometry.
Limited proteolysis
Trypsin (Sigma-Aldrich) was added in a 1:150 molar ratio to the MIND 
complex in a buffer consisting of 50 mM Tris, pH 7.5, and 150 mM NaCl. 
Aliquots were taken at various time points, and proteolysis was stopped by 
adding SDS loading buffer and heating for 10 min at 100°C. Protein frag-
ments were separated using SDS-PAGE and stained using Coomassie bril-
liant blue. A separate gel was washed in 50 mM Tris, pH 8.5, and 10% 
methanol, transferred onto a polyvinylidene fluoride transfer membrane 
(GE  Healthcare),  and  stained  using  a  membrane  stain  (40%  [vol/vol] 
methanol, 1% [vol/vol] acetic acid, and 0.1% [vol/vol] Coomassie bril-
liant blue). The membrane was dried, and the bands were analyzed by 
Edman sequencing (University of Aberdeen mass spectrometry service).
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Fig. S1 shows supporting EM images, SAXS reconstructions, and raw mass 
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